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This  work  reviews  the  state-of-the-art  nanostructured  photoelectrodes  for  use  in  dye-sensitized  solar 
cells.  The  influence  of  the  photoelectrode  structure  in  the  DSC  performance  is  analyzed.  The 
nanostructured  photoelectrodes  can  be  classified  into:  (1)  nanoparticles  with  high  surface  areas  for 
efficient  dye  loading;  (2)  ID  nanostructures  such  as  nanotubes  and  nanowires  that  offer  direct  electron 
transport  pathways  towards  the  collecting  substrate;  (3)  3D  hierarchically  ordered  photoelectrodes  that 
combine  large  pores  for  efficient  electrolyte  diffusion,  large  particles  for  effective  light  scattering  but  also 
small  particles  needed  to  achieve  high  surface  areas;  (4)  3D  template-based  techniques  that  create  highly 
conductive  macroporous  scaffolds  to  produce  structures  with  different  length  scales  for  electrolyte 
diffusion  (macro  and  mesopores)  and  dye  loading  (micro  and  nanopores);  and  finally  (5)  hybrid  TiO 2\ 
graphene  nanostructures  able  to  suppress  electron  recombination  in  the  semiconductor/electrolyte 
interface,  increasing  the  electron  mobility  and  extraction  and  also  able  to  enhance  light  absorption, 
ultimately  increasing  the  DSC  performance. 
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1.  Introduction 

World  energy  consumption  will  increase  53%  before  2035,  driven 
not  only  by  the  economic  growth  and  increasing  population  in 
developing  countries  but  also  by  emerging  economies  such  as  China 
and  India  1].  Relatively  high  oil  prices,  as  well  as  concerns  about  the 
environmental  impact  of  the  fossil  fuels  combustion  and  strong 
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government  incentives  have  made  renewables  the  fastest  growing 
energy  source  according  to  the  International  Energy  Outlook  of  2011. 
The  total  renewable  energy  generation  has  increased  3.1%  per  year 
and  it  is  expected  to  grow  from  19%,  recorded  in  2008,  to  23%  in  2035 
[2].  In  particular,  solar  energy  is  the  fastest  growing  segment  of 
renewable  energy  sources,  which  in  the  non-OECD  countries  is 
expected  to  grow  annually  22.8%  until  2035.  The  forecasts  for  2015 
put  total  installed  photovoltaic  (PV)  capacity  in  the  world  between 
131  GW  and  196  GW;  100  GW  could  be  reached  in  2013  [2]. 

Obviously,  the  PV  market  evolution  will  make  use  of  the  most 
competitive  solar  panels  at  the  time,  most  likely  the  first 
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Nomenclature 

Electron  lifetime,  s 

Ttr 

Electron  transport  time,  s 

Voc 

Open-circuit  voltage,  V 

Occ 

Collection  efficiency 

FF 

Fill  factor 

Is 

Incident  photon  flux,  m2  s_1 

Subscripts 

Jsc 

Short  circuit  current  density,  Am-2 

Deff 

Diffusion  coefficient  of  electrons,  m2  s_1 

e 

Electrons 

if 

Thickness  of  the  Ti02  him,  m 

r 

Iodide 

in 

Diffusion  length,  m 

h 

Triiodide 

Rk 

Recombination  resistance,  O 

MPP 

Maximum  power  point 

Rw 

Transport  resistance,  O 

OC 

Open  circuit 

FTO 

Fluorine-doped  Sn02  conducting  glass  electrode 

SC 

Short-circuit 

C, 

Chemical  capacitance 

CB 

Conduction  band 

Greek  letters 

rj 

Efficiency 

a 

Wavelength-dependent  absorption  coefficient,  m-1 

generation  crystalline  and  polycrystalline  silicon  solar  panels  (c- 
Si).  These  devices  at  lab  scale  can  achieve  up  to  25%  sun  to  power 
conversion  efficiency  (PCE,  rj)  and  their  recent  progressively  low¬ 
ering  prices  reflects  its  industrial  establishment  that,  undoubtedly, 
makes  use  of  the  today's  semiconductor  industry  infrastructures. 
However,  the  high  production  and  environmental  costs  led  to  a 
constant  progress  in  the  development  and  establishment  of  new 
PV  technologies  aiming  to  avoid  the  drawbacks  of  the  c-Si  solar 
panels.  Some  established  semiconductor  based  technologies  com¬ 
prise  gallium  arsenide  tin  film  solar  cells  (GaAs,  ^24%),  copper- 
indium-galium-diselenide  (CIGS,  ^20%),  cadmium-telluride 
(CdTe,  and  amorphous/nanocrystalline  silicon  (^10%) 

solar  cells  [3].  This  second  generation  of  thin  him  technologies 
are  believed  to  have  an  important  role  in  the  PV  installation 
capacity  by  2015  [2  .  However,  they  also  share  the  same  perfor¬ 
mance  and  cost  limitations  as  conventional  Si  devices.  After 
approximately  20  years  of  research  and  development,  third  gen¬ 
eration  thin  him  solar  devices  are  starting  to  emerge  in  the 
marketplace.  This  new  generation  of  photovoltaic  systems 
includes  semiconductor  quantum  dots  (QDPV,  ^6-10%)  [4], 
organic  semiconductors  (OPV,  ^10%)  [3,5]  and  dye  sensitized 
solar  cells  (DSCs,  ^  13%)  [6  .  These  new  technologies  beneht  from 
their  low  processing  costs  and  environmental  impact  and  thus 
short  payback  time  when  compared  to  the  conventional  solar 
devices.  At  present  stage,  third  generation  PV  technologies  are  still 
far  behind  the  efficiency  values  of  the  conventional  Si-based  solar 
cells  (~20%);  nevertheless,  the  promise  of  low  processing  costs 
and  usage  of  available  environmental-friendly  raw  materials  make 
them  subject  to  an  intensive  research  and  development. 

Dye  sensitized  solar  cells  present  themselves  as  a  very  promis¬ 
ing  photovoltaic  technology.  They  are  made  of  cheap  components 
that  are  non-toxic  and  world-wide  available  and  offer  distinctive 
features  such  as  semi-transparency,  multi-color  range  possibilities, 
flexibility  and  lightweight  applications  but  also  good  performance 
under  low  light  conditions  and  different  solar  incident  angles 
[7-9].  These  unique  characteristics  open  a  new  possibility  of 
applications  and  markets  where  conventional  solar  devices  will 
never  be  able  to  penetrate,  e.g.  low-power  consumer  electronics, 
outdoor  or  indoor  recreational  and  BIPV  applications.  In  fact,  the 
DSC  technology  has  recently  been  used  by  several  companies  in 
some  commercial  applications  by  Sony,  Fujikura,  Panasonic,  G24i, 
Dyesol,  3G  Solar  and  Toyota-Asin.  However,  for  the  DSC  technology 


become  a  competitive  alternative  to  the  present  PV  technologies, 
major  breakthroughs  are  necessary  mainly  concerning  the  two 
critical  aspects  of  any  PV  device:  power  conversion  efficiency  and 
lifetime.  Regarding  the  device  lifetime,  at  least  25  years  of  constant 
power  conversion  efficiency  should  be  guaranteed  for  outdoor 
applications.  This  aspect  has  caught  researcher's  attention  in  order 
to  enhance  DSCs'  stability  and  thus  many  reports  are  being 
published  concerning  improvements  on  the  stability  devices  and 
new  sealing  methods  [10-15].  Several  methods  were  proposed  to 
enhance  the  efficiency  of  DSCs  [6,16-18]  being  one  of  the  most 
promising  the  use  of  nanostructured  materials  as  photoelectrodes 
to  enhance  light  harvesting  and  charge  extraction  to  improve 
photocurrent,  photovoltage  and  fill  factor. 

This  work  aims  to  review  the  state-of-the-art  DSCs  and  mostly 
to  demonstrate  the  influence  of  the  photoelectrode  structure  in 
the  DSC  performance.  Particular  emphasis  is  given  to  nanostruc¬ 
tured  materials  and  cells,  as  well  as  their  synthesis  methods.  This 
review  discusses  the  various  advantages  of  nanostructured  DSC 
cells  and  the  fact  that  a  tailored  design  of  the  photoelectrode 
structure  is  crucial  to  control  the  charge  extraction,  to  enhance 
light  harvesting  and  to  reduce  charge  recombination. 


2.  Operational  principle  of  dye  sensitized  solar  cells 

In  1991  O'Regan  and  Gratzel  proposed  the  first  bulk  hetero- 
juntion  photoelectrochemical  solar  cell  with  7%  power  conversion 
efficiency,  taking  advantage  of  the  3D  Ti02  photoelectrode  film 
and  using  a  ruthenium  dye  as  sensitizer  [19].  DSCs  mimic  natural 
photosynthesis  and  differ  from  conventional  p-n  junction  devices 
because  light  collection  and  charge  transport  are  separated  in  the 
cell.  Light  absorption  occurs  in  the  chemisorbed  sensitizer  mole¬ 
cule,  while  electron  transport  occurs  in  the  semiconductor  anatase 
Ti02— Fig.  1. 

The  photoelectrode  is  a  mesoporous  oxide  layer  composed  of 
nanometer-sized  particles.  Attached  to  the  surface  of  the  oxide  is  a 
monolayer  of  dye  responsible  for  light  absorption.  The  optical 
absorbance  that  occurs  in  the  dye  molecules  results  in  excitation  of 
an  electron  from  the  highest  occupied  molecular  orbital  (HOMO) 
to  the  lowest  unoccupied  molecular  orbital  (LUMO)  [20]. 
The  photogenerated  electrons  are  transferred  to  the  conduction 
band  of  the  semiconductor  oxide  and  percolate  through  the 
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Fig.  1.  Schematic  diagram  of  the  working  principles  of  a  dye  sensitized  solar  cell. 


semiconductor  network,  being  collected  at  the  transparent  con¬ 
ducting  oxide.  The  oxidized  dye  is  regenerated  by  electron  dona¬ 
tion  from  the  electrolyte  solution  containing  a  redox  couple, 
typically  of  iodide/triiodide.  The  triiodide  ions  formed  in  the 
semiconductor's  surface  during  the  redox  reaction  diffuse  to  the 
Pt-catalyzed  counter-electrode,  where  they  are  reduced  back  to 
iodide  by  the  electrons  from  the  external  circuit.  The  PCE  of  the 
solar  cell  is  determined  by  its  current-voltage  characteristics, 
specifically  the  open-circuit  photovoltage  (Voc),  the  photogener¬ 
ated  current  density  measured  under  short-circuit  conditions  (Jsc), 
light  irradiance  (7S)  and  the  fill  factor  of  the  cell  (FF),  which 
depends  on  the  series  resistances  and  on  the  shunt  resistances 
in  the  cell  [21]: 

'/global  =  J-^FF  (1) 

The  short-circuit  photocurrent  (Jsc )  is  essentially  related  to  the 
amount  of  sunlight  harvested  in  the  visible  part  of  the  solar  spectrum 
by  the  sensitizer.  Consequently,  dye  molecules  play  a  critical  role  in 
photon  capture  and  for  this  reason  the  progress  in  DSCs  have  been 
closely  followed  by  the  constant  development  of  new  porphyrin  and 
organic  D-ji-A  sensitizers  that  have  high  extinction  coefficients  and 
broader  optical  absorption  spectra.  These  have  even  supplanted  the 
commonly  used  Ru(II)  polypyridil  sensitizers  in  liquid  but  also  in 
solid-state  electrolyte  DSCs  [6,10,22-30]. 

The  open-circuit  voltage  ( Voc )  is  related  to  the  energy  difference 
between  the  quasi-Fermi  level  of  electrons  in  the  semiconductor 
and  the  chemical  potential  of  the  redox  mediator  in  the  electrolyte 
[31  .  The  most  common  electrolyte  in  high  performance  DSCs  uses 
the  triiodide/iodide  (I3_/I“)  redox  couple  [22,32,33].  Despite  the 
excellent  results  achieved  so  far  using  this  redox  couple,  it 
presents  some  drawbacks  such  as  the  corrosion  of  several  current 
collectors  and  partial  absorption  of  visible  light  around  430  nm, 
resulting  in  a  voltage  loss  [34  .  To  mitigate  these  effects  several 
alternatives  are  been  studied  [30,35-38].  Good  results  have  been 
reported  using  an  amorphous  organic  hole-transport  material 
(HTM),  spiro-OMeTAD  (2,2',7,7'-tetrakis(N,N-di-p-methoxyphe- 
nyl-amine)9,9'-spirobifluorene)  [39]  and  cobalt  based  (Co  (II/III) 
tri(bypiridyl))  non-corrosive  electrolyte.  These  new  hole  transport 
materials  yielded  impressive  results,  reaching  PCEs  higher  than 
12%  and  Voc  of  925  mV  for  liquid-state  DSCs  and  7.2%  and  965  mV 
for  solid-state  devices  [6,39-45].  Other  materials  like  processable 
p-type  direct  bandgap  semiconductor  CsSnI3  have  been  used  very 
recently  for  hole  conduction,  aiming  to  replace  the  liquid  iodide/ 


triiodide  based  electrolyte.  This  hole  conductor  yielded  record 
efficiencies  of  8.5%  for  solid  state  DSCs  [46  .  A  very  interesting  and 
underexplored  class  of  materials  of  organometallic  halide  perovs- 
kite  have  also  been  used  as  sensitizers  in  liquid  electrolyte-based 
photoelectrochemical  cells  with  conversion  efficiencies  from  3.5  to 
6.5%  [47,48].  These  materials  provide  excellent  support  for  binding 
organic  and  inorganic  components  to  form  a  molecular  composite 
that  not  only  acts  as  a  sensitized,  but  also  as  a  hole  and  electron 
conductor.  Recently  CsSnI3  perovskite  was  shown  to  be  an  efficient 
hole  conductor  in  a  solid  state  DSC  originating  a  cell  that  achieved 
8.5%  efficiency  [46].  Another  specific  perovskite,  a  methylamo- 
nium  lead  iodide  chloride  (CH3NH3PbI2Cl),  was  used  as  the  light 
absorbing  material  in  conjunction  with  Ti02  as  transparent  n-type 
component;  holes  were  transported  from  the  perovskite  surface  to 
the  counter-electrode  using  a  layer  of  spiro-OMeTAD;  the  device 
achieved  8%  efficiency  [49  .  Interestingly,  the  authors  found  that 
by  replacing  Ti02  photoelectrode  by  an  insulating  framework  of  A103 
the  conversion  power  efficiency  improves  to  almost  11%.  Apparently 
the  perovskite  material  employed  is  a  much  better  electron  con¬ 
ductor  than  Ti02  photoelectrode,  and  the  A103  only  acted  as  a 
“scaffold”  to  support  and  provide  surface  area  to  the  perovkite  to 
be  coated  on.  Other  record-breaking  work  proposed  an  innovative 
platform  that  includes  a  three  dimensional  nanocomposite  and 
bilayer  architecture  with  an  inorganic-organic  hybrid  heterojuntion 
[50]:  the  use  of  Ti02/CH3NH3PbI3/polymeric  HTMs/Au  system 
resulted  in  a  12%  efficiency  solid  state  mesocopic  solar  cell.  Although 
one  can  argue  that  the  device  deviates  from  a  typical  DSC,  this  works 
clearly  opens  new  opportunities  for  the  development  of  low  cost, 
solution  processable  and  high  efficiency  solar  cells. 

The  main  processes  in  a  DSC  system  are  light  absorption,  charge 
injection,  electron  transport  and  collection  and  electrolyte  diffusion. 
Since  1991  most  of  the  improvements  in  DSCs  efficiency  have  been 
achieved  through  major  improvements  in  molecular  sensitizers  and 
redox  electrolytes  [51  .  However,  directly  or  indirectly  all  of  above 
mentioned  phenomena  strongly  depend  on  the  photoelectrode.  In 
particular,  the  two  competing  processes  that  rule  the  performance  of 
a  DSC  are  electron  transport  in  the  mesoporous  semiconductor  and 
recombination  losses  in  the  semiconductor/electrolyte  interface  [52]. 
Both  effects  have  been  widely  studied  mainly  using  electrochemical 
impedance  spectroscopy  (EIS)  but  there  are  challenges  that  still 
remain  particularly  in  the  photoanode  [31,53-60].  Consequently 
new  photoanode  structure  models  are  needed  to  suppress  electron 
recombination  and  to  enhance  light  harvesting  but  keeping  the  cell's 
transparency  characteristics. 

The  ideal  photoelectrode  should  have  a  high  surface  area  to 
ensure  high  dye  loading  and  efficient  light  harvesting.  Even  though  a 
greater  amount  of  electrons  are  photogenerated,  there  is  also  a 
higher  probability  of  electrons  to  recombine  in  the  interface  semi¬ 
conductor/electrolyte  -  dark  current  -  since  the  pathway  to  get  the 
current  collector  is  also  higher.  Thus,  the  electron  transport  in  the 
photoelectrodes  plays  a  very  important  role  in  the  electron  collection 
efficiency  since  it  directly  influences  the  dark  current  [61].  The 
electron  transport  is  essentially  governed  by  a  diffusion  mechanism 
and  it  is  controlled  by  hoping  phenomena  limited  by  the  low 
conductivity  of  Ti02  nanoparticles  and  their  multiple  grain  bound¬ 
aries  [62].  Good  electrolyte  diffusion  should  also  be  guaranteed  in  the 
photoelectrode;  however  liquid  electrolytes  tend  to  have  low  visc¬ 
osities,  so  its  diffusion  in  the  photoelectrode  should  not  be  a 
performance-limiting  process  in  DSCs. 

Researchers  have  proposed  several  strategies  to  address  the 
transport  limiting  process,  such  as  using  bare  ID  nano-structures 
composed  by  Ti02,  SnO,  or  ZnO  to  increase  electron  mobility  in  the 
photoelectrode  [63,64].  Although  these  structures  provide  direct 
pathways  for  electrons  to  reach  the  collecting  substrate,  the 
inefficient  dye  adsorption  of  this  type  of  structures  do  not  generate 
enough  electrons  to  produce  high  photocurrents.  A  common-sense 
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development  was  to  mix  high  surface  area  nanoparticles  with  high 
conductive  ID  structures  and  create  hybrid  photoelectrodes  [65], 
in  a  way  they  can  benefit  from  the  advantages  of  each  structure. 
Other  approach  consists  in  creating  hierarchically  ordered  photo¬ 
electrodes  with  large  aggregate  particles  composed  by  smaller 
ones  [66-68];  this  strategy  aims  to  achieve  high  surface  areas, 
guaranteed  by  small  particles,  and  efficient  electrolyte  diffusion, 
provided  by  macropores  created  by  the  larger  aggregates.  These 
photoelectrodes  benefit  from  a  good  light  scattering  effect,  result¬ 
ing  in  high  performance  devices.  Another  interesting  approach 
was  to  use  highly  conductive  host  backbones  to  serve  as  charge 
extraction  support  to  the  high  surface  area  nanoparticles 
[16,69,70].  The  idea  of  having  a  3D  TCO  collecting  substrate  has 
great  potential  because,  if  carefully  optimized,  it  should  be  able  to 
create  a  DSC  where  every  generated  electron  can  be  collected. 
Following  this  idea  of  increasing  the  photoelectrode's  conductiv¬ 
ity,  graphene  has  also  been  used  in  DSCs  [71-75].  Benefiting  from 
its  high  electrical  conductivity  and  having  a  work  function  close  to 
the  one  of  Ti02  (4.42-4.5  eV  vs  4.5  eV,  respectively),  graphene 
should  enhance  electron  mobility  and  extraction  in  DSCs.  These 
various  approaches  are  described  and  discussed  below. 


3.  Nanostructured  photoelectrodes 

Nano  science  has  opened  the  door  to  the  development  of  new 
nanostructured  materials  and  concepts  that  were  not  available  before 
[76-79].  Nanostructures  such  as  nanoparticles  [77,80,81],  nanowires 
[82-86],  nanotubes  [82,83,87-90],  nanorods  [91-93]  and  nanobelts 
[94]  have  been  developed  in  the  last  decade  for  use  in  an  array  of 
applications  in  electronics,  sensor  devices,  optoelectronics,  photo¬ 
voltaic  and  photocatalysis  [78].  Nano  materials  can  have  very  high 
specific  surface  areas  even  up  to  several  hundred  of  m2  g“  1  [95,96]. 
Photoelectrodes  of  nanomaterials  allow  the  adsorption  of  a  large 
amount  of  sensitizer  molecules  in  a  monolayer  configuration;  the  dye 
coated  area  relates  to  the  photocurrent  generated  by  the  DSC  device. 
Nanosize  materials  also  affect  the  way  electrons  are  transported 
through  the  photoelectrode  structure.  Unlike  p-n  junction  solar  cells, 
in  DSCs  there  is  no  macroscopic  electrostatic  potential  gradient  in  the 
film,  fact  caused  by  the  small  size  of  the  individual  colloidal  particles 
and  by  the  presence  of  concentrated  electrolytes.  This  means  that  in 
the  nanoparticle  film  the  governing  electron  transport  process  is 
diffusion,  contrary  to  the  drift  process  seen  in  p-n  junction  solar  cells 
for  carrier  separation  in  the  presence  of  an  electrical  field  [20,97]. 

The  most  common  material  found  in  DSC's  photoelectrode  is 
anatase  Ti02.  This  commercial  metal  oxide  has  typically  surface 
areas  between  40  and  60  m2  and  an  electric  resistivity  in  the  order 
of  1  to  102  Q  cm  [98,99]. 

3.1.  Electron  transport  in  nanostructure  photoelectrodes 

The  typical  electron  diffusion  coefficients  in  Ti02  nanoparticle 
film,  5  x  10“ 5  cm2  s~\  are  found  to  be  several  orders  of  magni¬ 
tude  below  single  crystal  (bulk)  values  [100-102].  The  higher 
electron  mobility  and  diffusion  coefficients  in  single  crystals  are 
related  to  their  higher  electron  concentrations  (caused  either  by 
illumination  or  application  of  external  voltage)  [61,103].  The 
values  determined  for  the  electron  diffusion  coefficients  point 
out  the  fact  that  diffusion  is  much  slower  in  nanostructured 
materials  than  in  single  crystals;  this  is  related  to  the  multicrystal¬ 
line  nature  of  these  structures  that  creates  electron  traps  and 
consequently  limit  the  lifetime  of  the  excited  electrons  [61]. 
Although  still  subject  of  some  debate  [61,104,105],  it  is  generally 
accepted  that  electron  transport  occurs  by  the  combination  of  two 
phenomena:  percolation  through  a  network  of  sites  and  thermal 
accessibility  to  energy  states.  Therefore,  morphological  parameters 


such  as  porosity,  surface  area,  pore  size,  particle  diameter,  shape 
and  elemental  crystal  size  and  orientation  within  the  nanostruc¬ 
tures  have  an  important  impact  on  the  electron  diffusion  coeffi¬ 
cient  but  also  in  the  energetic  properties  of  the  material,  such  as 
the  distribution  of  trap  energy  or  electronic  concentration. 

The  electron  transport  and  recombination  properties  can  be 
studied  by  several  techniques,  including  photocurrent/photovol¬ 
tage  transient  techniques  [106,107],  intensity  modulated  photo¬ 
current  spectroscopy  (IMPS)/intensity  modulated  photovoltage 
spectroscopy  (IMVS)  100,108]  and  by  electrochemical  impedance 
spectroscopy  (EIS)  [53,109].  In  particular  EIS  is  a  powerful  techni¬ 
que  for  investigating  the  kinetic  processes  of  DSCs.  Electron 
transport  and  chemical  potential  in  the  semiconductor  film, 
electron  recombination  in  the  photoelectrode/electrolyte  interface, 
charge  transfer  at  the  counter  electrode  and  the  diffusion  of  the 
redox  species  in  the  electrolyte  can  be  well  distinguished  based  on 
the  impedance  response  of  the  system  as  a  function  of  frequency. 
Compared  to  the  other  techniques,  EIS  has  the  potential  to  allow 
obtaining  most  parameters  that  reflect  the  kinetic  processes  of  the 
device.  Making  use  of  the  Nyquist  plots,  the  impedance  data  is 
fitted  by  an  adequate  equivalent  circuit  and  the  electron  transport 
and  recombination  properties  parameters  are  estimated.  From 
these  experiments  three  main  parameters  can  be  obtained:  the 
recombination  resistance,  Rk,  transport  resistance,  Rw  and  chemi¬ 
cal  capacitance  of  the  semiconductor  CA,.  In  this  way  the  electron 
diffusion  length,  Ln,  and  the  electron  lifetime,  zn  ,  can  be  deter¬ 
mined  by  using  the  following  equations  [59]: 

Tn  =  RkC^  (2) 


—  \J  TnDeff  (4) 

where  Deff  is  the  electron  diffusion  coefficient  and  Lj  is  the 
semiconductors  film  thickness.  Combining  Eqs.  (3)  and  (4)  the 
effective  diffusion  coefficient  of  electrons  in  the  semiconductor 
can  be  determined  by: 


Using  the  electron  diffusion  coefficient  the  electron  transit 
time,  t tr ,  can  be  determined  by:  [54,110,111] 


Ttr  - 


Lf 


D 


eff 


This  value  indicates  for  how  long  an  electron  can  percolate 
through  the  semiconductor  before  recombining  with  electrolyte. 
Before  the  electrons  can  be  collected  at  the  FTO  substrate  there  is 
the  possibility  of  recombination  with  the  electrolyte,  so  an 
electron  collecting  rate  at  the  FTO  substrate  should  be  defined 
[6].  Based  on  the  two  processes  that  rule  the  performance  of  a  DSC, 
recombination  and  transport,  a  collection  efficiency,  rjcc ,  can  be 
determined  by  112]: 


Occ  — 


Lna 


(^1  -Ln2a2^j  (l-e_aL/)cosh^ 


3.2.  ID  nanostructures 

Considerable  attention  has  been  given  to  the  fact  that  morpho¬ 
logical  features  can  have  a  clear  impact  in  the  performance  of 
photoelectrodes  in  dye-sensitized  solar  cells,  mainly  in  the  elec¬ 
tron  transport  effectiveness  and  the  electron  recombination  with 
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electrolyte.  Particular  interest  is  given  to  ID  nanostructures  that 
are  believed  to  improve  electron  transport  by  providing  direct 
pathways  throughout  the  structure  of  the  photoelectrode  to  the 
collecting  substrate.  The  so-called  ID  structures  include  nano¬ 
tubes,  nanowires  and  nanofibers  that  can  be  composed  by  several 
metal  oxide  materials  such  as  Ti02  ZnO  or  Sn02  [63,64].  Generally, 
these  materials  have  higher  diffusion  coefficients  than  non- 
ordered  nanostructures  and  are  meant  to  give  electron  diffusion 
lengths  larger  than  film  thickness.  These  structures  can  be  used 
directly  as  photoelectrodes  with  dye  molecules  adsorbed  in  their 
surface  -  Fig.  2A  -  or  by  adding  metal  oxide  nanoparticles  to  the 
ID  structure— Fig.  2B.  Table  1  presents  the  diffusion  coefficients  as 
well  as  the  correspondent  cell  performance  characteristic  values 
for  several  DSCs  produced  with  photoelectrodes  based  on  ID 
nanostructures.  The  values  presented  in  Table  1  show  that  ID 
nanostructures  present  higher  values  of  diffusion  coefficients  than 
nanoparticle  based  structures,  meaning  that  generated  electrons 
can  move  and  reach  the  collecting  substrate  faster.  However  the 
overall  DSC  performance  is  far  from  the  ones  obtained  using  the 
conventional  Ti02  nanoparticle  film.  This  is  mainly  attributed  to 


Fig.  2.  (A)  Schematic  of  ID  nanostructures  with  sensitizing  dye  adsorbed  in  the 
surface;  (B)  ID  nanostructures  decorated  with  semiconductor  nanoparticles. 


the  comparatively  low  internal  surface  area  available  for  the 
adsorption  of  dye  molecules. 

Kang  et  al.  115]  was  one  of  the  first  authors  to  report  good 
performance  values  with  semi-transparent  DSCs  using  a  photo¬ 
electrode  composed  only  by  nanotubes.  They  produced  nanotube 
arrays  with  external  diameter  of  295  nm,  tube  lengths  of  6-15  pm 
and  wall  thickness  of  21-41  nm,  respectively— Fig.  3.  The  incor¬ 
poration  of  this  material  in  a  DSC  configuration  exhibited  a  Voc  of 
610  mV,  a  Jsc  of  8.26  mA  cm”2  and  a  fill  factor  of  0.70,  giving  an 
overall  power  conversion  efficiency  of  3.5%.  Although  these  results 
are  an  improvement  for  nanotube-based  DSC  photoelectrodes,  the 
Ti02  nanoparticle-based  DSCs  still  presents  higher  performance. 
As  mentioned  earlier,  the  low  surface  area  of  these  types  of  ID 
nanotube  arrays  can  explain  the  relatively  low  efficiency  of  the 
corresponding  DSC  devices. 

To  overcome  the  low  surface  area  that  lD-nanostructures  have 
compared  with  nanoparticle  films,  some  researchers  combined 
both  structures  in  order  to  take  advantage  of  the  benefits  of  each 
of  them  [116,117].  Gan  et  al.  [117]  created  a  hybrid  structure 
combining  vertically  aligned  ZnO  nanowires  (NW)  with  Ti02 
nanoparticles  (NP)  attached.  ZnO  has  similar  band  gap  of  3.2  eV 
[118]  but  electron  mobility  up  to  two  orders  of  magnitude  higher 
than  Ti02  (7  x  10“ 2  vs.  1.4  Q  cm  at  25  °C,  respectively)  [64,99, 
119-121].  This  makes  ZnO  a  particularly  interesting  metal  oxide  to 
compete  with  Ti02  in  DSCs.  The  high  value  of  Deff  of  ZnO  NW  - 
based  DSC  substantiates  that  the  electrons  injected  from  excited 
dye  molecules  can  travel  faster  and  therefore  are  collected  more 
efficiently  -  Fig.  4.  However,  the  low  value  of  Jsc  in  the  bare  ZnO 
electrode  confirms  the  low  surface  area  of  these  ID  aligned 
nanostructures.  Incorporating  Ti02  NPs  with  inherent  high  surface 
areas  in  the  ZnO  nanowires,  an  increase  in  the  current  density 
from  1.60  to  3.54  mA  cm”2  was  obtained  by  these  authors.  The 
hybrid  cell  revealed  a  Deff  value  of  6.92  x  10“ 4  cm2  s”1  that  falls 
between  those  of  the  bare  ZnO  film  (2.8  x  10“3  cm2  s”1)  and 
the  Ti02  NP  electrode  (^5  x  10 ”5  cm2  s”1).  Actually,  it  is  almost 
15  times  larger  than  the  Deff  of  Ti02  NP  film,  showing  that  the 


Table  1 

ID  nanostructured  DSC  performance  values  and  diffusion  coefficients. 


ID  nanostructure 

Ref. 

Cell  performance 

Diffusion  coefficients 

JsJmAcm  2 

lUmV 

FF 

DcjfJ cm2  s  1 

N719  Ti02  NP 

[113] 

5.00 

11.3 

670 

0.66 

7.2  x  10“5 

Mercurochrome-sensitized  ZnO  nanowire 

[113] 

0.84 

3.40 

500 

0.49 

1.8  x  10“3 

Mercurochrome-sensitized  ZnO  nanowire/NP  composite 

[113] 

2.20 

6.30 

610 

0.58 

2.1  x  10“4 

Ti02  NP/nanotubes,  10  wt% 

[64] 

3.10 

8.33 

630 

0.60 

7.1  x  10“4 

Ti02  nanorods 

[114] 

0.56 

2.22 

575 

0.44 

3.3  x  10“7 

Ti02  nanorods  coated  with  ZnO  nanoparticles 

[114] 

0.83 

3.57 

545 

0.43 

8.0  x  10-6 

Ti02  nanorods  coated  with  Ti02  nanoparticles 

[114] 

0.19 

0.71 

592 

0.47 

4.3  x  10“6 

Fig.  3.  Field  emission-SEM  images  Ti02  nanotubes  [115]. 
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Electrode  Jsc  mA  cm2  Voc  /  mV  FF  //  /%  r /  ms  Defr/  cm2  s  1 
Ti02  NP  2.52x10  s 

ZnONW  1.60  610  0.40  0.39  84.03  2.80xl0'3 

ZnONW/Ti02NP  3.54  600  0.37  0.79  57.34  6.92x10^ 

Fig.  4.  Vertically  aligned  nanowires:  (a)  without  and  (b)  with  NP  attached  to  its  surface  and  the  correspondent  DSC  performance  values  and  diffusion  coefficients  [117]. 


hybrid  electrode  combines  the  advantages  of  both  structures: 
improved  electron  transport  along  the  vertically  aligned  nanowire 
array  and  increased  surface  area  provided  by  the  Ti02  NP.  Never¬ 
theless,  the  performance  of  the  hybrid  cell  (2.2%)  is  still  far  from 
the  nanoparticle-based  DSC  (5%  in  Table  1),  mainly  because  the 
surface  area  provided  by  the  hybrid  solution  is  still  low  compared 
to  a  similar  thickness  film  constituted  only  by  nanoparticles.  This 
fact  was  caused  by  the  low  coverage  of  the  nanowires  with 
nanoparticles  as  shown  in  Fig.  4,  as  well  as  the  low  thickness  of 
the  hybrid  photoanode  (3  pm).  Nonetheless,  better  results  can  be 
expected  if  an  optimization  is  performed  to  balance  the  ratio 
between  the  vertically  aligned  structures  and  the  quantity  of 
nanoparticles  attached  to  its  surface. 

A  common  strategy  to  achieve  high  electron  mobility  but  also 
high  surface  area  is  blending  ID  nanostructures,  such  as  Ti02 
nanotubes,  with  Ti02  nanoparticles.so  the  photoelectrode  can 
benefit  from  both  the  high  conductive  ID  nanostructure  and  from 
the  high  surface  area  available  for  dye  adsorption— Fig.  5. 

Zhong  et  al.  [65]  showed  that  it  is  possible  to  increase  the 
photovoltaic  performance  of  DSCs  by  blending  different  concen¬ 
trations  of  Ti02  nanotubes  into  a  Ti02  mesoporous  film.  These 
authors  blended  anodic  Ti02  nanotubes  with  different  concentra¬ 
tions  into  a  P25  based  Ti02  mesoporous  film  and  studied  the 
electron  transport  properties  of  the  film  and  the  recombination 
phenomena  by  electrochemical  impedance  spectroscopy— Fig.  6. 
Although  this  study  uses  a  low  performance  Ti02  photoelectrode 
as  reference  electrode  (0  wt%  of  nanotubes)  it  provides  complete 
EIS  data  allowing  to  withdraw  important  conclusions  about  the 
use  of  nanotubes  in  DSC  photoelectrodes. 

The  same  authors  optimized  the  concentration  of  nanotubes 
blended  in  the  photoelectrode  film,  increasing  electron  transport 
and  slowing  the  electron  recombination.  Figs.  7  and  8  present  the 
electron  properties  of  DSCs  with  different  nanotube  concentra¬ 
tions.  There  is  a  tendency  between  the  device's  efficiency  and  the 
electron  diffusion  coefficient,  electron  diffusion  length  and  ulti¬ 
mately  with  the  electron  collection  efficiency.  The  interpretation 
of  the  diffusion  length,  Ln,  reflects  the  main  phenomena  occurring 
in  DSCs:  the  electron  transport  and  electron  recombination.  For  a 
nanotubes  concentration  of  10  wt%,  rj,  rjcc  and  Deff  present  max¬ 
imum  values.  For  a  blending  level  of  10  wt%  nanotubes  dispersed 
in  the  Ti02  particles  supply  shorter  paths  for  electron  transport 
than  the  disordered  interconnected  Ti02  nanoparticles.  For  a  30  wt 
%  nanotubes  concentration,  the  decrease  in  the  device  efficiency  is 
followed  by  the  decrease  of  the  electron  diffusion  coefficient  and 
electron  diffusion  length  due  to  the  increase  of  the  electron  transit 
time.  So,  in  this  specific  case,  the  concentration  of  Ti02  nanotubes 
might  be  acting  as  trap  centers  that  difficult  transportation  to  FTO 
substrate.  Although  the  Ti02  nanotubes  are  more  conductive  than 


Fig.  5.  Schematic  of  ID  nanostructures  blended  with  metal  oxide  particles. 


Ti02  nanoparticles,  above  a  certain  concentration  the  increase  of 
nanotubes  does  not  result  in  higher  electron  diffusion  coefficients 
in  the  film.  For  concentrations  higher  than  30  wt%,  the  electron 
lifetime  increases  even  though  the  global  efficiency  of  the  device 
decreases.  In  fact,  the  ratio  between  electron  lifetime  and  transit 
time  becomes  constant,  meaning  that  the  recombination  resis¬ 
tance  decreases  at  the  same  level  of  the  transport  resistance 
increases;  thus  the  electron  diffusion  length  remains  approxi¬ 
mately  constant.  Therefore,  the  low  photocurrent  density  explains 
the  efficiency  decrease  since  the  inclusion  of  nanotubes  above 
30wt%  strongly  diminishes  the  available  surface  area  for  dye 
adsorption. 

3.3.  3D  hierarchically  ordered  nanostructures 

The  key  aspects  of  a  photoelectrode  structure  are  large  surface 
area,  necessary  to  ensure  high  loading  of  dye  molecules  that  will 
generate  electrons,  and  sufficiently  large  pores  with  excellent 
interconnectivity  for  efficient  electrolyte  diffusion.  Additionally, 
the  defect  level  and  the  number  of  particle  boundaries  must  be 
low  to  suppress  electron  loss  by  recombination  with  the  electro¬ 
lyte  and  allow  a  good  electron  transport  to  the  collecting  substrate. 
However,  in  a  standard  Ti02  nanostructure  high  surface  area  and 
large  pores  are  not  compatible.  Even  if  an  increase  of  the  surface 
area  is  important  to  adsorb  a  great  amount  of  dye,  it  simulta¬ 
neously  decreases  the  average  pore  size,  thus  limiting  the  diffusion 
of  the  redox  species  in  the  nanostructure.  As  stated  before,  ID 
vertically  aligned  structures  solve  the  electron  transport  issue  and 
facilitate  the  electrolyte  diffusion  throughout  the  photoelectrode, 
but  do  not  ensure  enough  dye  loading  that  could  result  in  high 
performance  devices.  This  way,  3D  hierarchically  pore  structures 
are  very  interesting  as  they  have  several  scales  of  pores.  Indeed, 
such  materials  are  of  great  interest  as  they  provide  high  surface 
areas  and  large  pore  sizes  at  the  same  time:  nanometer  pores  that 


340 


J.  Ma^aira  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  27  (2013)  334-349 


Fig.  6.  (a)  SEM  micrograph  of  nanotubes  sinthetized  by  Zhong  et  al.  [65];  (b)  schematic  diagram  of  the  electron  transport  in  the  hybrid  Ti02  film. 
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Fig.  7.  Electron  transport  properties  and  DSC  performance  value  of  DSCs  with 
different  nanotube  concentrations  (adapted  from  [65]). 


TCO  coated  substrate 

Fig.  8.  Schematic  representation  of  a  hierarchical  nanoparticle  film,  having  two 
different  scale  pores:  (I)  meso/macropores  and  (II)  smaller  nanopores. 


ensure  high  amount  of  adsorbed  dye  molecules  -  Fig.  6(11)  -  and 
large  micro  or  mesopores  that  allow  fast  electrolyte  diffusion— 

Fig.  6(1)  [66-68]. 

Kim  et  al.  [122]  developed  a  solvothermal  method  for  prepar¬ 
ing  crystallized  Ti02  sphere  with  ultrahigh  surface  areas  up  to 
117.9  m2  g_1  and  a  well-defined  nanoporous  structure.  The  strat¬ 
egy  used  for  the  preparation  of  these  spheres  involves  a  two-step 
approach.  First,  the  controlled  hydrolysis  reaction  (Eq.  (8))  is 
carried  out  to  form  the  Ti02: 

Ti{OCH(CH3)2}4  +  2H20  Ti02  +  4(CH3)2CHOH  (8) 


This  reaction  produces  Ti02  spheres  in  the  amorphous  phase 
and  with  a  smooth  surface  without  any  pores— Fig.  9(a).  The  shape 
and  size  of  the  spheres  can  be  controlled  by  the  conditions  of  the 
hydrolysis  reaction  [122].  Then,  the  formed  spheres  are  collected 
and  washed  with  ethanol,  and  transferred  to  a  titanium  autoclave 
containing  ethanol  to  conduct  a  hydrothermal  reaction.  The 
temperature  is  raised  to  240  °C  and  held  for  6  h;  by  this  means 
the  amorphous  spherical  spheres  are  converted  to  a  crystallized 
structure  with  high  porosity— Fig.  9(b)  and  (c). 

The  produced  spheres  have  a  diameter  of  250  nm.  The  Bru- 
nauer-Emmett-Teller  (BET)  surface  area  of  these  structures  was 
measured  to  be  up  to  117.9  m2  g~  \  which  is  1.7  times  higher  than 
the  usual  surface  area  of  a  P25  film.  This  is  an  indication  of  the 
high  internal  surface  area  built  in  the  spheres.  The  authors  also 
measured  the  pore  size  distribution  and  found  that,  as  expected, 
the  spheres  exhibit  a  bimodal  pore  size  distribution.  The  N2 
adsorption-desorption  isotherms  showed  that  the  Ti02  nanopar¬ 
ticle  film  has  mainly  pores  of  29  nm,  while  the  spheres  show  pores 
with  average  pore  sizes  of  9  and  55  nm.  The  smaller  pores  are 
inside  the  nanoporous  sphere,  visible  in  Fig.  9(c),  and  they  are 
responsible  for  the  high  surface  area  of  the  final  structure.  The 
55  nm  sized  pores  are  originated  by  the  interstitial  voids  formed 
by  the  close-packed  250  nm  spheres  and  they  are  responsible  for 
the  electrolyte  diffusion  improvement  throughout  the  film.  The 
internal  pore  of  ~9nm  did  not  affect  the  diffusion  of  the 
electrolyte  probably  because  the  diffusion  length  is  only 
^125  nm  (half  of  the  bead  diameter =250  nm).  The  spheres  were 
used  to  prepare  Ti02  electrodes  with  thicknesses  in  the  range 
of  10-10.3  gm.  The  resulting  DSCs  revealed  a  high  Jsc  of 

14.6  mA  cm-2,  a  Voc  of  804  mV,  a  FF  of  0.72  and  an  efficiency  of 
77  =  8.44%.  These  values  are  considerable  better  than  the  results 
obtained  for  a  standard  nanoparticle  Ti02  film:  Jsc  of 

12.7  mAcm-2,  a  Voc  of  811  mV,  a  FF  of  0.72  and  an  efficiency  of 
77  =  7.40%.  The  main  difference  between  both  types  of  DSCs  is  the 
short-circuit  current  density  Jsc  that  was  considerably  enhanced. 
This  increase  is  mainly  ascribed  to  the  increased  amount  of 
adsorbed  dye  molecules  in  semiconductor  structure— 140.4  pmol 
cm-2  for  the  cell  equipped  with  the  new  photoelectrode  and 
122.1  pmolcm-2  for  the  conventional  cell.  Additionally,  the  pro¬ 
duced  photocurrent  should  also  benefit  from  scattering  effect  of 
the  larger  250  nm  particles  in  the  photoelectrode.  The  same 
authors  added  to  the  previous  photoelectrode  a  500  nm  interfacial 
Ti02  layer  to  decrease  the  electron  recombination  at  the  FTO/ 
electrolyte  interface.  The  Ti02  spheres  were  then  treated  with 
TiCl4  and,  finally,  the  photoelectrode  outer  surface  was  coated  with 
hollow  Ti02  nanoparticles  to  act  as  scattering  layer.  The  final  DSC 
device  showed  an  excellent  result  of  19.6  mAcm~2  of  Jsc,  a  Voc  of 
766  mV,  a  FF  of  0.69  and  an  efficiency  of  77  =  10.52%. 

Sauvage  et  al.  [18]  reported  a  single  titania  layer  based  on  the 
same  principle,  using  mesoporous  beads  of  830  nm— Figs.  10  and  11. 
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Fig.  9.  SEM  micrographs  of  the  spheres  synthesized  by  Kim  et  al.  [122]:  (a)  before  and  (b)  after  the  hydrothermal  treatment  and  (c)  TEM  image  with  detail  showing  the 
porosity  of  the  spheres. 


Fig.  10.  SEM  micrographs  of  the  obtained  beads  prepared  by  Sauvage  et  al.  [18]  showing:  (a)  their  close  packing  in  the  film  and  (b)  the  high  mesoporosity  to  the  core. 


Fig.  11.  Schematic  representation  of  the  preparation  method  of  hierarchically  titania  frameworks.  A  template  material,  such  as  polystyrene  spheres,  is  impregnated  with  a 
titania  solution  precursor  that  after  the  hydrolization  reaction  is  calcinated  to  form  the  crystallized  anatase  backbone,  adapted  from  [70]. 


The  reported  bead  film  had  89  m2g'  and  a  mean  pore  size  of 
23  nm.  The  beads  showed  a  mesoporous  structure  from  the  sur¬ 
face  to  the  core  and  therefore  the  titania  nanoparticles  within 
remain  highly  accessible  to  both  chemisorption  of  dye  molecules 
and  electrolyte  diffusion.  The  authors  also  presented  evidences 
that  inside  the  beads  exist  densely  packed  Ti02  grains,  having  each 
grain  contact  with  the  neighboring  ones.  This  aspect  is  responsible 
for  the  increase  of  electron  lifetime  and  enhanced  electron 
mobility,  reducing  the  electron  recombination  effect  with  the 
electrolyte. 

The  authors  reported  10.6%  efficiency  and  an  IPCE  of  92%  at  a 
wavelength  of  570  nm  with  a  12  pm  single  bead  film  and  using  a 
heteroleptic  tiophene-based  dye  (C101  dye).  However,  using  the 
standard  N719  dye  with  the  above  mentioned  semiconductor 


structure  resulted  in  a  DSC  with  only  8.3%  efficiency.  This  allows 
concluding  that  the  morphology  and  chemical  nature  of  both 
nanoparticle  film  and  dye  molecule  must  be  optimized  for  each 
other.  The  same  authors  found  that  the  solar  cells  prepared  with 
bead  film  showed  enhanced  electron  lifetime,  electron  diffusion 
coefficients  and  diffusion  length  compared  to  a  P25  film.  The 
superior  performance  of  the  beads  was  mainly  attributed  to  the 
close  packing  of  grains  and  crystal  intergrowth  within  the  meso¬ 
porous  titania  beads.  Similarly  to  what  Kim  et  al.  [122]  have  done, 
a  triple  layer  DSC  was  prepared  by  Sauvage  et  al.[18  ,  combining 
mesoporous  beads  with  a  transparent  P25  Ti02  interfacial  layer 
and  a  light  scattering  layer  on  top  of  the  beads,  rendering  an 
impressive  Jsc  of  19.90  mA  cm-2,  a  Voc  of  724  mV,  a  FF  of  0.77  and 
an  rj  of  11.2%.  Even  though  the  higher  efficiency  obtained  based  on 
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Fig.  12.  (a)  Schematic  representation  of  the  synthesis  method  of  a  highly  ordered  multi-scale  nanostructure  of  Ti02  proposed  by  Kuo  et  al.  [125];  (b)  film  composed  by  the 
polystyrene  opals  revealing  their  close  packing;  SEM  micrographs  of  the  Ti02  inverse  opal  (c)  before  and  (d)  after  TiCl4  treatment;  (e)  TEM  images  of  the  Ti02  nanoparticle 
decorated  inverse  opal  reveling  the  coating  of  the  macroporous  transport  channels. 


a  complex  structure  it  is  impressive  that  a  single  12  pm  film  of  Ti02 
beads  gave  10.6%  PCE. 

3.4.  3D  template  based  backbones 

Other  types  of  hierarchically  systems  include  structures  with 
different  length  scales  with  different  physical  properties,  e.g. 
systems  including  larger  backbones  with  several  pore  and  crystal 
sizes.  It  was  reported  to  be  possible  to  create  hierarchically 
structures  with  individual  control  over  the  macro  and  meso 
structure's  morphologies  and  dimensions,  by  infiltration  of  meso- 
porous  amorphous  silica  in  macroporous  ceramic  [123]  or  titania 
backbones  [124  . 

This  approach  was  later  used  to  create  fully  crystalline  hier¬ 
archically  titania  backbone,  as  reported  by  Kuo  et  al.  [125].  This 
work  revealed  a  novel  multi-scale  Ti02  nanostructure,  composed 
by  a  Ti02  blocking  layer  at  the  FTO  surface  and  an  inverse  opal 
main  structure.  Then,  organized  transport  channels  were  created 
between  contacting  spherical  voids  of  the  Ti02  inverse  opal  and 
Ti02  nanoparticles  coated  on  the  spherical  surfaces  of  the  voids— 
Fig.  12(e).  The  Ti02  inverse  opal  film  was  created  by  coating  the 
blocking  layer  with  polystyrene  spheres  (PS)  with  100  nm  of 
diameter.  The  PS  template  was  infiltrated  by  electrochemical 
deposition  of  Ti02  -  Fig.  12(a)  -  and  a  close  packing  of  PS  spheres 
was  obtained— Fig.  12(b).  Afterwards,  the  resulting  PS  template 
was  removed  by  calcination  to  obtain  a  crystalline  inverse  opal 
anatase  scaffold  opal.  Then,  this  structure  was  treated  with  TiCl4  in 
order  to  introduce  Ti02  NP  into  the  structure  and  then  to  originate 
a  larger  surface  area  photoanode. 

Fig.  12(c)  and  (d)  presents  SEM  pictures  of  the  anatase  inverse 
opal  structure  before  and  after  the  TiCl4  treatment.  These  figures 
shows  Ti02  NP  of  10-15  nm  attached  to  the  backbone,  as  well  as 
the  transport  channel  openings  of  30-50  nm  for  dye  and  electro¬ 
lyte  penetration.  Similarly  to  the  bead  structures  presented  before, 
these  features  are  believed  to  enhance  the  load  of  dye  molecules 
and  electrolyte  diffusion  within  the  structure.  The  TEM  picture 
presented  in  Fig.  10(e)  shows  that  Ti02  NP  are  well  crystallized  and 
well  connected,  characteristics  that  are  essential  for  a  good 
electron  transport  through  the  structure.  Because  the  NP  are 


organized  and  attached  to  the  walls  of  the  main  large  pores,  they 
have  excellent  access  to  the  electrolyte.  The  fabricated  Ti02 
nanostructure  was  assembled  in  a  DSC  configuration,  yielding  a 
Jsc  of  8.2  mA  cm"  2  a  Voc  of  720  mV,  a  FF  of  0.62  and  an  efficiency  of 
rj =3.7%.  Although  offering  many  potential  advantages  the  struc¬ 
ture  proposed  by  Kuo  et  al.  [125]  still  has  low  performance. 
Unfortunately,  the  authors  did  not  present  results  on  the  surface 
area  of  the  developed  hierarchically  structure,  which  may  be  the 
cause  of  the  reported  low  efficiency.  This  issue  could  be  addressed 
coating  the  surface  area  of  the  voids  created  by  the  PS  spheres 
with  a  higher  amount  of  Ti02  NP. 

A  similar  approach  was  reported  by  Mandlmeier  et  al.  70].  The 
authors  created  a  similar  highly  crystalline  macroporous  inverse 
opal  backbone  but  using  polymethylmethacrylate  (PMMA)  spheres 
and  a  titania  precursor  for  solution  impregnation.  The  spheres 
diameter  was  200  nm,  two  times  the  size  of  the  spheres  used  by 
Kuo  et  al.  [125  .  This  originated  voids  in  the  macroporous  crystal¬ 
line  titania  structure  also  twice  the  size  and  the  intervoid  connec¬ 
tion  was  determined  to  be  around  50-70  nm.  The  obtained 
scaffold  can  be  seen  in  Fig.  13(a)  and  with  detail  in  Fig.  13(b). 
After  impregnation  with  titania  precursor  solution  and  calcination 
at  450  °C,  the  hierarchically  film  consists  of  crystalline  anatase  - 
Fig.  13(c)  and  (d)  -  with  crystal  size  larger  than  20  nm  in  the 
macroporous  scaffold  walls  and  4-6  nm  in  the  mesoporous  walls; 
these  values  have  been  confirmed  by  HRTEM  and  X-ray  scattering. 
Thus,  in  the  same  hierarchically  structure  there  is  two  crystal 
sizes:  larger  sizes  in  the  walls  of  the  macroporous  backbone  and 
smaller  ones  in  the  mesoporous  anatase  filling.  The  authors 
concluded  that  the  highly  crystalline  scaffold  had  a  strong  effect 
in  the  crystallization  of  the  mesoporous  filling,  acting  as  a  nuclea- 
tion  site  for  further  crystallization  of  the  initially  amorphous  phase 
[70  .  Besides  this,  the  macroporous  backbone  has  a  stabilization 
effect  in  the  mesoporous  material  embedded  in  its  structure, 
preventing  pore  shrinkage  due  to  heating.  Thus,  the  final  size  of 
the  mesoporous  is  even  50%  larger  than  the  same  material  when 
applied  on  a  flat  surface.  Mandlmeier  et  al.  [70]  also  performed 
nitrogen  adsorption  experiments  and  determined  that  the  macro¬ 
porous  scaffold  exhibited  a  type  II  isotherm,  typical  for  porous 
materials  with  macropores,  and  a  surface  area  of  64  m2  g-1— Fig.  13(e) 
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Fig.  13.  SEM  images  of  macroporous  scaffold  created  by  Mandlmeier  et  al.  [70]:  before  ((a)  and  (b))  and  after  ((c)  and  (d))  Ti02  NP  infiltration,  (e)  Nitrogen  adsorption/ 
desorption  isotherms  (A— macroporous  scaffold;  B— macroporous  scaffold  with  Ti02  NP  infiltration;  C— reference  mesoporous  Ti02  film);  and  (f)  pore  size  distribution  of  the 
macroporous  scaffold  material  (B)  and  the  reference  mesoporous  Ti02  (C). 


curve  A.  After  impregnation  with  titania  solution,  the  hierarchi¬ 
cally  structure  have  a  completely  different  adsorption  behavior, 
exhibiting  a  type  IV  isotherm  with  a  surface  area  of  154  m2  g-1  — 
Fig.  13(e)  curve  B.  This  behavior,  suggests  the  existence  of  different 
pore  sizes,  ranging  from  micro  to  meso  and  macropores.  The 
narrow  hysteresis  between  the  adsorption  and  desorption  iso¬ 
therms  indicate  a  good  pore  distribution  and  its  shape  indicates 
mostly  mesoporosity  [126  .  Although  Fig.  13(e)  shows  very  similar 
isotherms  for  the  hierarchically  film  (isotherm  B)  and  for  a 
standard  mesoporous  film  gown  in  a  flat  surface  (isotherm  C), 
the  pore  size  distributions,  shown  in  Fig.  13(e)  and  (f),  are  different 
and  the  average  pore  diameter  is  6.1  nm  and  5.1  nm,  respec¬ 
tively.  Additionally,  a  decrease  in  surface  area  from  210  m2g' 
for  the  mesoporous  film  grown  in  the  flat  surface  to  174  m2  g_1 
for  the  hierarchically  film  was  also  observed.  The  increase  in 
pore  size  up  to  20%  confirms  the  non-shrinking  effect  described 
earlier  due  to  the  nanoparticles  embedded  in  the  macroporous 
backbone. 

Using  this  hierarchical  titania  layer  as  photoelectrode  in  a  DSC 
the  authors  achieved  Jsc= 7.17  mA  cm-2,  Voc=780mV,  FF=0.71 
and  an  efficiency  of  rj=4.0%.  This  result  compared  to  the  single 
mesoporous  titania  backbone  film  (Jsc  of  0.97  mAcm”2,  a  Voc  of 
980  mV,  a  FF  of  0.52  and  an  efficiency  of  77  =  0.4%)  represents  an 
improvement  of  nearly  10  times.  Nonetheless,  the  performance  is 
very  limited  compared  for  instance  to  the  above  mentioned  beads 
by  Kim  et  al.  [122]  or  by  Sauvage  et  al.  [18],  who  reported  a 
performance  of  ~10%  PCE  in  DSCs. 

It  is  important  to  holdback  that  there  is  no  clear  relation 
between  the  photoelectrode  surface  area  and  the  performance  of 
the  DSC.  In  fact,  Sauvage  et  al.  [18]  used  400  nm  spherical  beads 
with  89m2g_1  and  achieved  ~10%  PCE;  Kim  et  al.  [122]  used 
smaller  size  beads  (250  nm)  with  larger  surface  area  (117  m2  g-1) 
and  obtained  also  ~10%  with  similar  film  thickness  (10-12  pm); 
Mandlmeier  et  al.  70]  prepared  a  porous  photoelectrode  with  the 
largest  surface  area  which  did  not  surpass  4%  PCE  DSC  even  if  they 
have  used  a  film  with  nearly  half  of  the  thickness  used  by  the 
previous  two  authors  (5.5  pm)  and  no  additional  scattering  layer. 
On  the  other  hand,  there  is  a  clear  impact  of  the  morphological 
parameters  of  the  porous  semiconductor  on  the  DSC  performance 
even  though  the  relation  between  both  is  not  always  clear;  it  is 
still  missing  a  deeper  understanding  in  how  the  morphological 
features  of  the  porous  material  influences  the  working  kinetics  of 
DSCs.  Electrochemical  impedance  spectroscopy  can  play  an 
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Ti02  interfacial  charge  transfer  ^  Dye  adsorbed  amount 


Fig.  14.  DSC  performance  values  as  a  function  of  the  mesoscale  pore  diameter  of 
the  photoelectrode  (adapted  from  [69]). 


important  role  in  unraveling  this  relation  but  works  describing  a 
systematic  electrochemical  analysis  on  the  new  hierarchically 
photoanodes  are  very  scarce.  A  very  recent  report  by  Cho  et  al. 
[69]  described  the  preparation  of  a  similar  hierarchical  structure  as 
described  by  Kuo  et  al.  [125]  and  Mandlmeier  et  al.  [70].  The 
authors  studied  the  influence  of  the  template  colloidal  particles 
diameter  in  the  final  macroporous  structure  and  its  role  in  the 
electron  transport  properties  in  the  final  DSC  device.  The  thickness 
of  the  electrode  was  changed  by  controlling  the  macroporous 
inverse  opal  support  and  the  diameter  of  the  mesopores  was 
controlled  using  different  sizes  of  template  colloidal  particles. 
Several  complete  DSC  devices  were  prepared  and  Fig.  14  presents 
the  correspondent  DSC  performance  values,  the  adsorbed  amount 
of  dye  in  the  photoelectrode  and  the  charge  transfer  resistance 
in  the  Ti02  interface,  Rct ,  (determined  by  EIS)  as  a  function  of 
the  mesoscale  pore  diameter.  It  can  be  observed  that  the  mesos¬ 
cale  pore  diameter  and  the  DSC  performance  are  inversely  propor¬ 
tional.  This  happens  because  the  pore  diameter  increase 
corresponds  to  the  diminishing  of  the  surface  area  available  for 
dye  adsorption  and,  consequently,  the  decrease  of  the  short-circuit 
current  density.  At  this  stage,  the  specific  surface  area  available  for 
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Fig.  15.  Schematic  diagram  for  the  fabrication  method  of  the  3D  host  passivation  guest  dye  sensitized  solar  cell  [16]. 


Fig.  16.  SEM  micrograph  of  a  self  assembled  3D  AhZnO  Ti02  host-passivation  guest  DSC  photoanode:  (a)  cross  sectional  view  of  the  3D  backbone;  (b)  top  view  of  the  3D 
backbone;  (c)  high-magnification  micrograph  showing  the  Ti02  covered  3D  macroporous  AhZnO  host  in  direct  contact  with  the  front  FTO  electrode;  (d)  high  magnification 
micrograph  showing  the  3D  backbone  coated  with  dense  Ti02  inside  and  outside;  and  (e)  complete  photoanode  after  infiltration  and  calcination  of  the  Ti02  nanoparticle 
paste  [16]. 


dye  adsorption  governs  the  DSC  performance.  Electrochemical 
impedance  spectroscopy  showed  lower  charge  transfer  resistances 
at  the  Ti02  interfaces  for  smaller  mesopore  diameters,  implying 
that  the  injection  density  of  electrons  in  the  conduction  band  of 
Ti02  was  higher  for  the  DSC  with  35  nm  pore  size  photoelectrodes. 

The  challenge  of  increasing  the  amount  of  adsorbed  dye 
molecules  and  increase  the  electron  transport  through  the  semi¬ 
conductor  to  the  FTO  collecting  substrate  still  remains.  None¬ 
theless,  hierarchically  structures  using  template  techniques  are 
very  promising  because  they  give  control  over  the  whole  pore 
structure  of  the  photoelectrode.  However,  more  kinetic  data  such 
as  electron  diffusion  coefficients,  electron  diffusion  lengths  and 
ionic  diffusion  coefficients  should  be  determined  and  correlated  to 
the  morphological  features  of  the  nanostructures  in  order  to 
optimize  the  photoelectrode  structure  and  maximize  efficiency. 

As  was  described  throughout  this  review  work,  the  increase  of 
the  specific  surface  area  to  enhance  dye  adsorption  in  Ti02 


nanostructures  does  not  pose  great  challenge.  What  is  not  trivial 
is  to  increase  the  adsorbed  amount  of  dye  without  increasing  the 
electron/electrolyte  recombination  rate;  indeed  this  should 
be  the  reason  why  most  of  the  3D  strategies  up  to  now  did  not 
produce  high  performance  devices.  The  electronic  loss  by  recom¬ 
bination  is  induced  mainly  by  slow  electron  transport  through  the 
photoelectrode.  Bearing  this  in  mind,  Tetreault  et  al.  16]  followed 
the  idea  of  using  templating  techniques  to  build  macroporous 
backbones.  In  this  case,  besides  using  Ti02  a  thin  conductive 
material  of  Sn02  or  Al/ZnO  was  also  used  to  coat  the  template 
material— Fig.  15.  By  using  polystyrene  spheres  they  created  a 
macroporous  structure  with  well-defined  morphological  character¬ 
istics.  Then,  by  atomic  layer  deposition  (ALD)  they  created  a  3D  TCO 
macroporous  scaffold.  Comparing  this  backbone  to  the  previously 
described  Ti02  ones,  this  shows  the  clear  advantage  of  having  higher 
electron  mobility  and  thus  to  offer  a  3D  network  for  electron 
collection. 
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To  avoid  the  electron  recombination  at  the  TCO  backbone/ 
electrolyte  interface,  this  structure  was  then  protected  with  a 
dense  passivating  Ti02  thin  layer,  once  again  deposited  by  ALD. 
Only  after  the  backbone  was  filled  with  17  nm  anatase  nanopar¬ 
ticles  to  ensure  high  surface  area.  This  approach  targeted  high  dye 
loadings  and  injection  dynamics  of  typical  anatase  nanoparticles- 
based  DSC.  Fig.  16  shows  SEM  micrographs  of  such  structures 
where  the  good  connection  between  the  TCO  backbone  and  the 
flat  TCO  substrate  can  be  seen— Fig.  16(a)  and  (c).  This  electronic 
connection  ensures  efficient  charge  extraction  throughout  the 
photoelectrode.  The  inherent  disordered  structure  caused  by 
the  template  spheres  creates  an  open  structure  that,  according  to 
the  authors,  only  uses  a  small  fraction  of  the  3D  film  (~10%), 
leaving  enough  volume  to  be  filled  with  small  Ti02  particles  with 
high  superficial  area  for  dye  adsorption.  Fig.  16(c)  confirms  that 
the  TCO  backbone  is  well  coated  in  both  sides  by  the  dense 
passivation  Ti02  layer  that  should  enable  the  TCO  chemical 
stability  and  preventing  electron  recombination. 

Using  this  new  3D  material  concept  Tetreault  et  al.  [16] 
prepared  DSCs  based  on  Ti02,  Sn02  and  Al/ZnO  3D  host  photo¬ 
electrodes  in  combination  with  Z907  dye.  The  best  result  was 
found  using  Sn02  host  backbone,  rendering  devices  with  Jsc  of 
10.4  mA  cm-2,  a  Voc  of  803  mV,  a  FF  of  0.70  and  an  rj  of  5.8%.  These 
results  showed  an  increase  of  almost  100  mV  when  comparing 
with  the  Z907  best  performing  devices  [127].  The  electron  mobi¬ 
lity  was  also  measured  using  electrochemical  impedance  spectro¬ 
scopy  and  the  authors  found  that  in  fact  the  Al/ZnO  and  Sn02  films 
have  electron  diffusion  coefficients  six  orders  of  magnitude  higher 
than  Ti02  nanoparticles  films  (6.19  and  0.423  cm2  s-1,  respec¬ 
tively,  compared  to  6  x  10~6  cm2  s_1  for  the  Ti02  NP  film). 

Table  2  compares  these  results  with  those  obtained  by  Kuo 
et  al.  [125]  and  Mandlmeier  et  al.  [70].  Despite  using  similar 
template  techniques  to  create  a  Ti02  macroporous  backbone,  Kuo 
and  Mandlmeier  did  not  report  DSC  efficiencies  higher  than  4%. 
The  difference  between  their  and  Tetreault's  results  might  be  in 
the  electron  diffusion  coefficient.  Since  the  three  authors  followed 
the  same  idea,  it  can  be  concluded  that  the  higher  performance 
observed  is  due  to  the  higher  electron  mobility  in  the  Al/ZnO  and 
Sn02  hosts.  The  findings  by  these  authors  should  motivate  studies 
to  determine  the  influence  of  these  highly  conductive  host  back¬ 
bones  and  their  interaction  with  semiconductor  particles,  particu¬ 
larly  their  influence  in  the  injection  dynamics  and  in  the  overall 
kinetics  of  DSCs. 

In  a  very  recent  work,  Crossland  et  al.  [128]  followed  this  idea, 
and  disclosed  the  synthesis  method  for  mesoporous  Ti02  crystals 
that  deliver  enhanced  mobility  and  optoelectronic  device  perfor¬ 
mance.  This  very  innovative  work  showed  that  mesoporous  single¬ 
crystal  (MSC)  semiconductor  could  provide  long-range  electronic 
connectivity  and  structural  coherence.  Using  Ti02  MSCs  films 
processed  under  150  °C,  the  authors  fabricated  all  solid  state 
devices  with  7.3%  efficiency.  This  result  is  quite  remarkable,  taking 
into  account  that  Ti02  nano-crystalline  films  are  usually  processed 
at  500  °C  to  improve  electrical  connection  between  nanoparticles. 
The  synthesis  process  is  based  on  a  templating  technique,  which 


Table  2 

DSC  performance  values  depending  on  of  the  macroporous  template  backbone 
material. 


Author 

Host  material 

Voc 

Jsd  mAcm  2 

FF 

Efficiency/% 

Kuo  et  al.  [125] 

Ti02 

720 

8.2 

0.62 

3.7 

Mandlmeier  et  al.  [70] 

Ti02 

780 

7.17 

0.71 

4.0 

Tetreault  et  al.  [16] 

Ti02 

791 

6.9 

0.73 

4.0 

Al/ZnO 

842 

7.5 

0.77 

4.9 

Sn02 

803 

10.4 

0.70 

5.8 

uses  silica  beads  with  tunable  sizes  from  20  to  250  nm  that  act  as 
host  backbone.  The  template  material  is  first  “seeded”  with  a 
titanium  precursor,  TiF4,  and  only  then  is  immersed  in  the  reaction 
vessel.  The  reaction,  hydrothermal  growth  of  TiF4  in  the  presence 
of  hydrofluoric  acid,  is  then  carried  out  in  the  template  porosity. 
The  acid  stabilizes  the  precursor  and  significantly  decreases 
the  nucleation  rate,  allowing  the  synthesis  of  high  surface 
area  (70m2g_1)  single  crystals  of  anatase  Ti02.  These  single 
crystals  benefit  from  a  much  higher  electron  conductivity  of 
2.2  x  10-7  S  cm-1  comparing  to  1.5  x  10~5  S  cm-1  measured  for 
a  Ti02  nanoparticle  sintered  film  at  500  °C.  Obviously,  with  very 
similar  surface  area  (70  vs  75  m2  g-1  for  Ti02  MSCs  and  nanopar¬ 
ticles,  respectively)  and  electrical  conductivity  one  to  two  orders  of 
magnitude  higher,  the  mesoporous  Ti02  single  crystals  are  an 
excellent  candidate  for  replacing  Ti02  nanoparticle  films  in  DSCs. 
These  results,  for  a  solid  state  device,  surpass  all  the  other 
template  based  techniques  discussed  so  far,  even  more  because 
they  were  tested  with  liquid  electrolytes. 

3.5.  Flybrid  Ti02/ graphene  nanostructures 

In  the  last  couple  of  years  graphene  has  attracted  enormous 
attention  because  of  its  unique  properties  and  array  of  applications 
[129-132].  With  a  theoretical  surface  area  of  2630m2g_1,  gra¬ 
phene  is  an  ideal  support  material  with  enhanced  interfacial 
contact  even  when  used  in  small  amounts  [133].  Its  electron 
mobility  of  104cm2V-1  [129]  at  room  temperature  means  that 
graphene  has  an  excellent  ability  to  transport  electrons.  These 
facts  have  made  it  very  attractive  for  incorporation  in  photocata- 
lytic  mesoporous  films  [134-137]  and  in  DSCs  counter  electrode 
[138-140],  where  its  electrocatalytic  properties  have  been  put  to 
use  to  substitute  the  expensive  platinum  catalyst.  Recently,  gra¬ 
phene  has  also  been  incorporated  in  DSCs  photoelectrodes— 
Fig.  17  [71-75].  Fourier  transform  infrared  spectroscopy  (FT-IR) 
experimental  results  of  pure  Ti02  and  graphene-Ti02  hybrid  films 
showed  that  Ti-O-C  bonds  are  formed,  indicating  the  chemical 
interaction  between  surface  hydroxyl  groups  of  Ti02  and  func¬ 
tional  groups  of  graphene  oxide  [141].  Experimental  data  also 
shows  that  the  presence  of  graphene  in  the  Ti02  photoelectrode 
also  increases  the  total  amount  of  dye  adsorbed  in  the  film 
[72,141,142].  This  fact  is  explained  by  these  authors  based  on  the 
huge  surface  area  of  graphene  that  provides  more  anchoring  sites 
for  Ti02.  But  in  fact,  and  similarly  to  what  happens  in  photo- 
catalytic  studies  where  there  are  k-k  conjugations  between 
methylene  blue  molecules  and  the  aromatic  rings  of  graphene 
oxide  sheets,  a  chemical  interaction  between  sensitizing  dye  and 
graphene  might  exist,  helping  to  explain  the  higher  amount  of 
adsorbed  dye  in  hybrid  films  [74,141,143]. 

Graphene  is  produced  mainly  by  the  chemical  oxidation 
method  resulting  in  graphene  oxide  (GO)  144,145],  which  can 
be  then  reduced  either  chemically  or  thermally.  However,  reduced 
graphene  oxide  (RGO)  contains  oxygen  functional  groups  (-OH 
and  =0)  on  the  planes  and  -COOH  and  carbonyl  groups  in  the 
periphery  of  the  planes  [138,139].  This,  along  with  the  lattice 
surface  defects  created  during  the  exfoliation  process,  is  believed 
to  be  responsible  for  the  electrocatalytic  behavior  of  graphene 
[146-148].  Because  of  GO  electrocatalytic  properties  and  its  high 
extinction  coefficient,  [149]  RGO  should  be  handled  carefully  when 
used  in  the  photoelectrode  of  DSCs;  if  not  properly  reduced,  the 
remaining  oxygen  containing  groups  could  promote  recombina¬ 
tion  of  electrons  with  electrolyte.  In  high  amounts,  graphene  can 
also  compete  with  the  sensitizer  molecules  on  light  absorption 
and  thus  decrease  the  performance  of  DSCs.  Therefore,  the 
successful  introduction  of  graphene  in  the  photoelectrodes  of 
DSCs  depends  on  a  careful  balance  between  its  conductive  ability 
and  electrocatalytic  behavior. 
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TCO  coated  glass 


Graphene 


TiChNP 


Fig.  17.  Schematic  representation  of  a  Ti02/graphene  hybrid  photoanode. 


GS  implanted  in  Ti02  film 


Fig.  18.  Schematic  representation  of  a  Ti02  film  with  GS  attached  (left)  and  SEM 
micrographs  of  the  prepared  film  with  detail  to  the  graphene  sheet  attached  to  the 
Ti02  [72]. 


1.2 


yi 


Graphene  oxide  content  /  wt% 

□  Jsc  ■  Efficiency  ■  Voc  □  FF 


Fig.  19.  Ti02/graphene  hybrid  DSC  normalized  performance  values  vs.  different 
graphene  oxide  contents  present  in  the  photoanode.  Adapted  from  [2]  Eq.  (1). 


Tang  et  al.  [72]  reported  the  development  of  a  photoanode 
where  exfoliated  graphene  sheets  (GS)  where  attached  to  a  Ti02 
nanoparticles  matrix— Fig.  18.  The  authors  used  a  molecular  graft¬ 
ing  method  where  the  graphene  sheets  were  chemically  exfoliated 
and  chemisorbed  in  the  Ti02  matrix.  By  controlling  the  oxidation 
time,  it  was  possible  to  achieve  a  highly  efficient  electronic 
conductive  film  and  thus  a  good  attachment  between  the  GO 
and  the  nanoparticles.  In  fact,  the  determined  resistivity  of  a  GO/ 
Ti02  decreased  by  more  than  two  orders  of  magnitude  from 
2.1  ±  0.9  x  105  to  3.6  ±  0.9  x  102  Q  [72  .  These  authors  determined 


that  the  GO  provided  additional  and  more  efficient  electronic 
transport  paths  but  also  increased  the  dye  loading  of  the  film, 
leading  to  a  photocurrent  increase. 

Sun  et  al.  [71]  developed  a  method  where  graphene  was 
dispersed  using  Nation  and  then  incorporated  in  Ti02  particles 
by  a  heterogeneous  coagulation  particles.  Because  the  opposite 
zeta  potentials  of  P25  particles  ( ~  15  mV)  and  graphene  ( -42  mV) 
there  is  a  strong  electrostatic  attractive  force  that  binds  the  Ti02 
NP  to  the  surface  of  the  graphene.  The  authors  managed  to  coat 
graphene  sheets  with  Ti02  resulting  in  a  composite  structure  with 
a  P25  to  graphene  ratio  of  200:l(w/w).  The  DSC  with  P25 
nanoparticles  showed  a  Jsc  of  5.04  mA  cm-2  and  an  r\  of  2.70%. 
In  the  presence  of  0.5  wt%  of  graphene  the  Jsc  increased  66%  to 
8.38  mA  cm-2,  resulting  in  an  efficiency  of  4.28%.  The  authors 
ascribe  this  enhanced  performance  to  an  increase  in  dye  adsorp¬ 
tion  due  to  the  creation  of  surface  morphologies  with  more  sites 
available  and  an  extended  electron  lifetime  since  electrons  travel 
through  long  mean  free  paths  without  recombining. 

Yang  et  al.  [73]  successfully  incorporated  graphene  in  Ti02 
nanostructure  to  form  2D  graphene  bridges  in  DSCs.  The  authors 
reported  an  optimum  result  for  graphene  oxide  content  of  0.6  wt% 
that  originated  a  DSC  with  a  Jsc  of  16.29  mA  cm-2,  a  Voc  of  690  mV, 
a  FF  of  0.62  and  an  rt  of  6.97%.  This  result  represent  an  increase  of 
45%  in  the  short-circuit  current  density  and  39%  in  the  conversion 
efficiency,  when  compared  to  a  P25  film-based  DSC,  shown  in 
Fig.  19.  Comparing  this  result  to  DSCs  equipped  with  a  photoanode 
containing  CNTs  prepared  by  the  same  method  and  weight 
percentage  -  0.4%  -  a  huge  difference  emerges  since  CNT  devices 
perform  significantly  worth:  Jsc  of  3.35  mA  cm-2,  Voc  of  420  mV,  FF 
of  0.41  and  rj  of  0.58%.  The  Fermi  level  of  a  CNT  is  between  its 
conduction  band  (CB,  -4.5  eV  vs  vacuum)  and  its  valence  band. 
Besides,  its  CB  is  below  the  CB  of  Ti02  ( -  4  eV  vs  vacuum)  resulting 
in  a  decrease  of  the  Voc.  In  opposition,  graphene  is  a  zero  band 
material  [150]  and  its  work  function  is  calculated  to  be  higher  than 
CNT  value  (4.42  to  4.5  eV  vs.  vacuum)  [71,151,152].  This  makes 
graphene  perfect  to  be  introduced  in  the  Ti02  structure  because 
the  apparent  Fermi  Level  is  not  decreased.  This  fact  explains  why 
in  the  Yang  et  al.  results  the  Voc  was  not  affected  by  the  introduc¬ 
tion  of  graphene  (up  to  0.4  wt%)  as  can  be  seen  in  Fig.  19.  The 
unaffected  Voc  and  the  enhanced  efficiency  mean  that  graphene 
increased  charge  transport  and  partially  suppressed  electron 
recombination  with  the  electrolyte.  In  higher  concentrations 
graphene  starts  to  compete  with  the  sensitized  Ti02  nanoparticle 
for  light  absorption  and  becomes  a  recombination  center  for 
electrons;  consequently  the  DSC  performance  is  affected— Fig.  19. 


4.  Conclusions 

Morphological  features  have  a  great  impact  in  the  perform¬ 
ance  of  photoelectrodes  in  dye  sensitized  solar  cells,  mainly  deter¬ 
mined  by  changes  in  the  electron  transport  effectiveness,  surface 
area  available  for  dye  loading  and  pore  diameter  for  electrolyte 
diffusion. 

1-D  nanostructures  provide  direct  pathways  for  electron  trans¬ 
port  and  when  used  as  photoelectrodes  improve  the  electron 
diffusion  length,  electron  lifetime  and  diffusion  coefficient.  How¬ 
ever,  they  have  a  fundamental  disadvantage:  they  do  not  provide 
the  necessary  specific  surface  area  for  dye  adsorption,  resulting  in 
DSCs  with  poor  efficiencies  (~0.5%).  To  overcome  this  problem 
researchers  begun  coating  the  ID  nanostructures  with  nanoparticles 
or  blended  ID  nanostructures  in  nanoparticles  films  for  taking 
advantage  of  the  characteristics  of  both  structures:  high  surface  area 
of  the  nanoparticles  and  the  high  electron  transport  characteristics  of 
the  1-D  structures.  However,  again  relatively  low  efficiency  values 
have  been  reported  using  these  structures  (~3%). 
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3D  hierarchically  pore  structures  are  very  interesting  as  they 
have  several  scales  of  pores.  Hierarchically  structured  metal  oxides 
have  nanometer  pores  that  ensure  high  amount  of  adsorbed  dye 
molecules  and  large  micro  or  mesopores,  allowing  rapid  electro¬ 
lyte  diffusion.  A  hierarchically  bead  film  shows  enhanced  electron 
lifetimes,  electron  diffusion  coefficients  and  diffusion  lengths 
compared  to  a  P25  film.  The  superior  performance  of  the  beads, 
with  an  efficiency  of  ~  11%,  was  mainly  attributed  to  the  close 
packing  of  grains  and  crystal  intergrowth  within  the  mesoporous 
titania  beads.  Another  type  of  hierarchically  systems  includes 
structures  with  different  length  scales  of  two  different  physical 
properties,  for  example,  pore  diameter  and  crystal  size  of  a  larger 
backbone.  It  was  reported  to  be  possible  to  create  hierarchically 
structures  where  there  is  individual  control  over  the  macro  and 
meso  structures  morphologies  and  dimensions  by  infiltration  of 
mesoporous  amorphous  silica  in  macroporous  ceramics  or  in 
titania  backbones.  The  most  promising  technique  in  this  category 
of  hierarchical  films  is  the  one  proposed  by  Treteault  et  al.  that 
used  the  template  idea  to  create  a  3D  TCO  macroporous  scaffold  by 
atomic  layer  deposition.  Although  the  relatively  low  efficiency 
( ~6%)  when  compared  NP  films,  the  idea  of  creating  a  3D  network 
as  electron  collecting  substrate  has  great  potential.  The  key 
parameters  of  this  structure  are  the  compact  Ti02  layer  coating 
of  the  TCO  macroporous  scaffold  to  avoid  electron  recombination 
with  electrolyte  and  the  proper  filling  of  the  structure  with  Ti02 
NP  to  achieve  good  adsorption  of  sensitizing  molecules.  A  different 
idea  was  proposed  and  tested  successfully  by  Crossland  et  al.  In 
this  work  a  mesoporous  Ti02  single  crystal  with  high  surface  area 
and  considerable  higher  electrical  conductivity  delivered  a 
remarkable  7.3%  efficient  solid  state  solar  cell.  By  demonstrating 
that  MSCs  displayed  higher  electron  conductivities  than  nanocrys¬ 
talline  Ti02,  while  eliminating  the  thermal  sintering  treatment, 
this  work  opened  the  door  for  a  new  kind  of  photoelectrodes  in 
DSCs,  multijunction  device  fabrication,  temperature-sensitive  sub¬ 
strate  choice,  and  reduced  device  fabrication  costs. 

Finally  there  are  some  reports  concerning  the  use  of  graphene  in 
combination  with  Ti02  photoelectrodes  showing  that  graphene 
enhances  the  DSC  performance  when  used  in  very  low  amounts 
(~0.5wt%).  This  material  promises  to  bring  DSC'  photoelectrodes 
to  the  next  level  of  development.  The  presence  of  graphene-bridges 
in  a  Ti02  NP  photoelectrode  provides:  (i)  a  higher  electron  mobility; 
(ii)  higher  amount  of  adsorbed  dye;  and  (iii)  decreases  the  electron 
recombination  with  electrolyte,  improving  the  overall  solar  cell 
efficiency.  Due  to  its  electrocatalytic  properties  and  high  extinction 
coefficient,  when  graphene  is  used  in  higher  concentrations 
( >  0.5  wt%)  and  it  is  not  properly  reduced,  it  competes  with 
the  sensitizer  on  light  absorption  and  acts  as  a  recombination  center. 

The  challenge  of  increasing  both  the  amount  of  adsorbed 
dye  molecules  and  the  electron  transport  through  the  semicon¬ 
ductor  to  the  FTO  collecting  substrate  still  remains.  More  kinetic 
data  such  as  electron  diffusion  coefficients,  electron  diffusion 
lengths  and  ionic  diffusion  coefficients  should  be  determined 
and  correlated  to  the  morphological  features  of  the  nanostructures 
to  optimize  the  photoelectrode  and  maximize  efficiency.  This 
review  aims  to  motivate  other  studies  to  investigate  different 
materials  and  structures  for  photoelectrodes  applications.  Highly 
conductive  host  backbones  and  graphene  structures  are  identified 
as  promising  for  increasing  the  overall  kinetics  of  DSCs  and  thus 
their  influence  and  interaction  with  different  metal  oxide  particles 
should  be  deeply  understood. 
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